Control over mRNA stability is an essential part of gene regulation that involves both endo-and exoribonucleases. RNase Y is a recently identified endoribonuclease in Gram-positive bacteria, and an RNase Y ortholog has been identified in Streptococcus pyogenes (group A streptococcus [GAS]). In this study, we used microarray and Northern blot analyses to determine the S. pyogenes mRNA half-life of the transcriptome and to understand the role of RNase Y in global mRNA degradation and processing. We demonstrated that S. pyogenes has an unusually high mRNA turnover rate, with median and mean half-lives of 0.88 min and 1.26 min, respectively. A mutation of the RNase Y-encoding gene (rny) led to a 2-fold increase in overall mRNA stability. RNase Y was also found to play a significant role in the mRNA processing of virulence-associated genes as well as in the rapid degradation of rnpB read-through transcripts. From these results, we conclude that RNase Y is a pleiotropic regulator required for mRNA stability, mRNA processing, and removal of read-through transcripts in S. pyogenes.
R
NA degradation is a strictly regulated process that involves both endo-and exoribonucleases (1) . In prokaryotes, mRNA degradation is initiated by endonucleolytic cleavage and followed by exonuclease digestion (2) (3) (4) . The first step is relatively slow and rate limiting, while the second step proceeds rapidly (1) . In Escherichia coli, RNase E functions as the major endoribonuclease that initiates the bulk of mRNA degradation (5) . Although RNase E is absent in Bacillus subtilis, the recently identified RNase Y is considered its functional analog (6) . RNase E and RNase Y do not share sequence homology but are strikingly similar in function (7, 8) . Both RNases are membrane-bound proteins that interact with other components to form a complex called the RNA degradosome (7, 9) . These components include other RNases, an RNA helicase, and two glycolytic enzymes (10, 11) . Both RNase Y and RNase E prefer 5= monophosphorylated RNA substrates with downstream secondary structures (6, 12) . The depletion of B. subtilis RNase Y results in the accumulation of about 550 mRNAs, including important transcriptional regulators for stress response and biofilm formation and metabolic operons for tryptophan biosynthesis and glycolytic enzymes (8) . B. subtilis RNase Y also interacts with RNases J1 and III to control the abundance of total mRNAs (13) . RNase Y of Staphylococcus aureus plays a major role in virulence gene regulation and is involved in the processing and stabilization of a global regulator system, SaePQRS (14) . These observations suggest that RNase Y is the major endoribonuclease in mRNA degradation in B. subtilis and perhaps also in other Gram-positive pathogens, such as Streptococcus pyogenes.
S. pyogenes (group A streptococcus [GAS] ) causes a variety of human diseases ranging from mild local infections such as pharyngitis and impetigo to life-threatening systemic diseases such as toxic shock syndrome and necrotizing fasciitis (15) . GAS infections often cause serious sequelae, including acute rheumatic fever, acute glomerulonephritis, and reactive arthritis (15) . Transcriptional control of GAS virulence factor production has been investigated in detail, and several specific and global gene regulators have been identified (16) (17) (18) . However, regulatory control of virulence factor production is more complex and includes the interplay of several regulatory circuits (19) and a multilayer control at the posttranscriptional level (20) (21) (22) (23) . For example, the mRNAs for streptolysin S (encoded by sagA) and streptodornase (encoded by sda) are greatly stabilized during entry into the stationary phase.
An RNase Y ortholog was recently identified in S. pyogenes (24) . A mutation in the S. pyogenes RNase Y-encoding gene (cvfArny) altered the expression of multiple GAS virulence factors in a growth-dependent manner and attenuated the virulence of the GAS strain in a murine model (24) . Unlike its counterpart in B. subtilis, S. pyogenes RNase Y is not an essential enzyme (24, 25) . This property makes studies of the S. pyogenes RNase Y highly amenable to global analyses of its role in mRNA degradation and, ultimately, of the regulation of virulence.
Here we used microarray and Northern blot analyses to measure global S. pyogenes mRNA half-life and to determine the role of RNase Y in mRNA metabolism on the entire transcriptome. We demonstrate that S. pyogenes has an exceptionally high mRNA turnover rate and that RNase Y plays multiple roles in mRNA degradation, processing, and read-through transcript removal.
MATERIALS AND METHODS
Bacterial strains and growth conditions. S. pyogenes NZ131 (M49) (26) and its rny gene mutant (⌬rny) (25) were routinely grown in C medium (0.5% proteose peptone no. 3; 1.5% yeast extract; 10 mM K 2 HPO 4 ; 0.4 mM MgSO 4 ; 17 mM NaCl) (27) at 37°C without aeration. Erythromycin was added at a final concentration of 2 g/ml when required. Bacterial growth curves were determined from three independent cultures with five technical replicates by using a BioScreen C machine (Piscataway, NJ).
Total RNA extraction, cDNA synthesis, and microarray analysis. Total RNA extraction, cDNA synthesis, and microarray analysis were car-ried out as described previously (25, 28) , with slight modifications. Total RNA was extracted with TRIzol reagent (Invitrogen, Carlsbad, CA) and treated twice with Turbo DNase (Invitrogen) to remove chromosomal DNA. Fifteen micrograms of total RNA was used for cDNA synthesis with SuperScript II reverse transcriptase (Invitrogen). Two micrograms of cDNA was fragmented with DNase I (Roche, Indianapolis, IN) and 3= end labeled with biotin-ddUTP using a BioArray terminal labeling kit (Enzo, New York, NY). A whole-genome custom GeneChip antisense expression microarray (16) was used for transcriptome analysis. On the antisense array, each gene of S. pyogenes was detected by a set of 17 25-mer oligonucleotide probes, and each intergenic region (IG) that was more than 100 bp in length was detected by a set of 25-mer probes, with gap widths ranging from 15 bp to 20 bp. ("Gap width" means the distance between the center nucleotides of two adjacent probes.) Hybridization, washing, and scanning of the custom S. pyogenes microarrays (16) were performed according to the procedures described by Affymetrix (Santa Clara, CA). Data sets were normalized based on stable RNA signals (rRNAs and tRNAs). Gene-level analysis was carried out by using the GeneChip operating software (GCOS) version 1.4 analysis program (Affymetrix). For probe-level analysis, the Affymetrix Power Tool (Affymetrx) was used to extract probe signal intensities from microarray CEL files.
mRNA decay assay and Northern blot analysis. mRNA decay is defined as the reduction in abundance of a transcript of defined size when no new transcript is synthesized. The mRNA decay assay and Northern blot analysis were carried out as mentioned previously, with slight modifications (25) . Briefly, S. pyogenes cells were grown in C medium until the late exponential phase (A 600 ϭ 0.50 to 0.55). Rifampin (1 mg/ml) and glucose (0.5% [wt/vol]) were added to the culture to inhibit new mRNA synthesis but maintain metabolic activity. Five-milliliter aliquots of the culture were withdrawn before (t ϭ 0 min) and after (t ϭ 0.5, 1, 2, 4, 8, 16, and 32 min) rifampin addition, rapidly chilled by mixing with 10 ml crushed ice, and harvested by centrifugation. For Northern blot analysis, total RNA was extracted with TRIzol reagent. One microgram of total RNA was separated on a denaturing agarose gel, transferred to a Hybond-N membrane (Amersham), and immobilized to the membrane by UV cross-linking (Stratalinker 1800 crosslinker; Stratagene). RNA probes were generated by T7 in vitro transcription (New England BioLabs, Ipswich, MA) of PCR fragments amplified with the primers listed in Table 1 . Digoxigenin (DIG) was incorporated into RNA probes by replacing 25% standard UTP with DIG-UTP (Roche) in the in vitro transcription reaction. DIG-labeled RNA probes were hybridized to membrane-bound RNA targets at 68°C overnight. Signal visualization was achieved by using anti-DIG antibody and CDP-Star according to the manufacturer's instructions (DIG application manual; Roche Diagnostic). The abundance of gene transcripts, represented by the average pixel intensity of defined band sizes, was quantified with ImageJ software version 1.44o (29) . 16S rRNA was visualized by ethidium bromide staining on an agarose gel prior to transfer and served as loading control.
mRNA half-life calculation. We developed a "steepest-slope" method to calculate S. pyogenes mRNA half-life. A typical mRNA decay process included a delay phase, a decay phase, and/or a stabilized phase (see Fig. S1 in the supplemental material). The most rapid mRNA reduction occurred in the decay phase, which constituted the steepest downward slope when plotted against decay time (see Fig. S1 in the supplemental material). The aim of this method was to identify the time range in which the most rapid mRNA reduction occurred. Two variables, t i and t j , were used to define the starting (t i ϭ 0, 0.5, 1, 2, 4, or 8 min after rifampin addition) and ending (t j ϭ 1, 2, 4, 8, 16, or 32 min after rifampin addition) points of a particular time range during an mRNA decay assay. At least one time point was included between t i and t j so that the half-life estimation was based on at least three consecutive time points. Exponential regression was carried out to determine the slope of the mRNA decay curve in each given time range defined by t i and t j , assuming that mRNA decay followed first-order kinetics, as demonstrated before (30) . The time range that displayed the steepest downward slope of mRNA decay was considered the decay phase, and the mRNA half-life was calculated accordingly. Poorly expressed genes with microarray signals of less than 200 throughout the mRNA decay assay usually did not display an obvious mRNA decay phase and were excluded from half-life calculations. 5= RACE. To determine the transcriptional start sites (TSS) of genes, 5= rapid amplification of cDNA ends (5= RACE) was carried out by following the protocol described by Troutt et al. (31) , with modification. Briefly, 200 ng S. pyogenes wild-type (WT) cDNA was ligated to 10 nmol 5= phosphorylated anchor primer with T4 RNA ligase (Ambion) in a 20 l reaction mixture. Dimethyl sulfoxide (DMSO) was added to the mixture to reach a final concentration of 10% (vol/vol) to relax secondary structures. The reaction mixture was incubated at 23°C for 18 h, heated at 65°C for 15 min to inactivate T4 RNA ligase, and subsequently used as the PCR template. PCR was carried out by using a forward primer (T3) complementary to the anchor primer and a reverse primer specific to the target gene, and the PCR product was subsequently sequenced to determine the TSS.
Statistical analyses. One-way analysis of variance (ANOVA) and histogram analyses were carried out by using the Statplus statistical program (Analystsoft).
Microarray data accession number. The microarray data sets were deposited in the Gene Expression Omnibus (GEO) database under platform GPL11420 with accession number GSE40198.
RESULTS
Transcriptome profiles of the WT and isogenic ⌬rny mutant strains. The isogenic NZ131 ⌬rny mutant strain was constructed as described previously (25) . The deletion of the S. pyogenes rny gene caused a slight slowdown of bacterial growth, with the generation time increasing from 50 min to 57 min (Fig. 1A) . Microarray analysis of the WT and ⌬rny mutant strains in the late exponential phase (A 600 ϭ 0.5 to 0.55) showed very similar transcriptome profiles (Fig. 1B) 
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reading frames (ORFs), 97.8% displayed a less than 2-fold difference between the two strains in transcript abundance. Only the expression of speB (streptococcal pyrogenic exotoxin B) and spi (SpeB inhibitor) was significantly reduced in the ⌬rny mutant, which is consistent with previous observations (24, 25) . About 30 genes were significantly increased in expression in the ⌬rny mutant, including speG (exotoxin type G precursor), ypaA (riboflavin transporter), and two genes encoding hypothetical proteins (Spy49_1275 and Spy49_1276). Subsequent analyses showed that the mRNAs of these genes were greatly stabilized in the ⌬rny mutant (Table 2 ) (see below). mRNA half-life calculation. In order to examine global mRNA half-life, a steepest-slope method was developed based upon microarray data sets (see Materials and Methods for details) and was compared to two established methods proposed by Steglich et al. (32) and Selinger et al. (30) . Specifically, Steglich's method defined the mRNA decay phase as the time range in which the exponential regression of decay displayed the minimal mean square error (32). Selinger's method defined the mRNA decay phase as the time range starting from t ϭ 0 min to the earliest time point that displayed a decrease in mRNA abundance of more than 2-fold (30). We used the three methods to calculate S. pyogenes WT mRNA half-life and obtained consistent results (R 2 ϭ 0.78 between the steepest-slope and Steglich's methods and 0.89 between the steepest-slope and Selinger's methods) (see Fig. S2 in the supplemental material). Nevertheless, major differences were observed in highly abundant mRNAs, for which the steepest-slope method yielded smaller half-life estimations than the other two methods.
In order to evaluate the accuracy of the three methods, Northern blot analysis was carried out to determine the actual half-lives of 12 highly expressed mRNAs with a broad range of half-lives. Results showed that the steepest-slope method yielded mRNA half-lives that were closest to the actual values, while the other two methods overestimated them (see Fig. S3 in the supplemental material). These highly expressed mRNAs caused signal saturation on microarray chips, especially at the beginning of a decay assay. Selinger's and Steglich's methods were susceptible to the signal saturation and would overestimate the half-life, though the steepest-slope method was much more tolerant of signal saturation and would give a correct estimation as long as there was an obvious decay phase. An exception was observed in sodM (superoxide dismutase), the half-life of which was determined to be 0.69 min by Northern blotting (see Fig. 5 below) and was overestimated by all three microarray-based methods (7.06 min, 18.2 min, and 12.04 min by the steepest-slope, Steglich's, and Selinger's methods, respectively). Closer examination revealed that sodM-specific probe signals were saturated throughout the decay assay except for the last time point, which suggested that the sodM mRNA level was far beyond the dynamic range of the microarray. In such a case, optimizing the calculation method itself could not solve the bias problem. Thus, for our assay conditions, the steepest-slope method was the most reliable approach to estimate global mRNA half-life. mRNA stability profiles in the WT and ⌬rny strains. Microarray analysis and the steepest-slope method were used to estimate mRNA half-lives in the genomes of the WT and the ⌬rny mutant. Measurements were performed using two independent biological replicates. Results from the replicates showed high consistency for both strains (Fig. 2) , which confirmed the reliability of our measurements and half-life calculation. Averaged mRNA half-lives were further used for analyses. Poorly expressed genes were excluded because of their indeterminate mRNA decay phases. Prophage genes were also excluded because of their significant heterogeneity from nonprophage genes. Specifically, the prophage mRNA abundance was 4-fold lower than that of nonprophage mRNAs, while the mean half-life was five times higher than that of the latter (7.5 min versus 1.24 min). In the end, we obtained the mRNA half-lives of 1,485 genes (87.1% of the whole genome) (see Dataset S1 in the supplemental material).
The median and mean half-lives of S. pyogenes mRNAs in the WT, when estimated with the steepest-slope method, were 0.89 min and 1.24 min, respectively. In the ⌬rny mutant, these values increased to 1.81 min and 2.79 min. In the WT, 1,267 genes had an mRNA half-life of less than 2 min (unstable mRNAs) and only 34 genes had an mRNA half-life of longer than 5 min (stable mRNAs) (Fig. 3A) . In the ⌬rny mutant, the number of unstable mRNAs was reduced to 826 and the number of stable mRNAs increased to 178 (Fig. 3A) . The effects of the rny mutation appeared to be similar for the majority of S. pyogenes mRNAs, with a 2-fold increase in overall mRNA stability (Fig. 3B) . One-way ANOVA showed that the differences between the two strains in mRNA stability were statistically significant (P Ͻ 0.001).
We also used Selinger's and Steglich's methods to estimate overall S. pyogenes mRNA half-lives in the two strains. Selinger's method showed 1.02 min and 1.65 min for median and mean mRNA half-lives in the WT and 2.39 min and 3.62 min in the ⌬rny mutant. Steglich's method showed 1.20 min and 1.84 min for median and mean mRNA half-lives in the WT and 2.35 min and 4.18 min in the ⌬rny mutant. Both results showed an approximately 2-fold increase in mRNA stability in the ⌬rny mutant, which was in agreement with our observation using the steepestslope method.
mRNA stability and gene function. We hypothesized that genes belonging to different functional groups might have different mRNA stabilities. To test this hypothesis, S. pyogenes genes were categorized based on COGs (Clusters of Orthologous Groups) (33) , and their mRNA half-lives in the WT were compared between functional groups (Fig. 4) . One-way ANOVA indicated that significant differences in mRNA half-life existed in various functional groups (P Ͻ 0.001). Specifically, mRNAs involved in energy production and translation had a longer half-life than average (P Ͻ 0.001). For example, genes encoding ATP synthase (Spy49_0582 to Spy49_0589) and genes encoding ribosomal proteins (57 genes in total) had average mRNA half-lives of 3.9 min and 3.0 min in the WT, respectively, and those half-lives were significantly longer than the overall mRNA half-life (1.24 min). In contrast, all mRNAs involved in cell division and signal transduction were unstable mRNAs (half-life Ͻ 2 min), with average halflives of 0.89 min and 1.01 min, respectively. However, the difference between these two groups and the whole genome was not statistically significant (P Ͼ 0.05). The vast majority of mRNA half-lives increased in the ⌬rny mutant, though the stability profiles among the functional groups remained similar to what was observed in the WT. These observations support our hypothesis that mRNA stability is related to the function of the gene product and are in agreement with previous findings in other species (34, 35) .
Previous studies suggested the possibility that E. coli RNase E, the functional analog of RNase Y, might preferentially cleave mRNAs in certain functional groups (36) . To determine whether RNase Y has a similar preferentiality in GAS, we compared the changes in mRNA half-life between the WT and ⌬rny mutant in each functional group (Fig. 4) . In general, the rny gene mutation resulted in a 1.7-to 3.3-fold increase in mRNA half-life in all groups except for the cell division group that displayed a 6.2-fold increase in mRNA half-life. Closer examination shows that this group contained a gene locus (Spy49_1276) that was stabilized more than 30-fold in the ⌬rny mutant (see below for details). All other genes in this group were stabilized 2-to 3-fold, which is similar to levels seen with the other functional groups. One-way ANOVA indicated that the difference between functional groups with respect to half-life fold changes caused by the rny gene mutation was not significant (P Ͼ 0.05). Therefore, we found no evidence suggesting that RNase Y preferentially degraded mRNAs from certain functional groups.
Differential effects of RNase Y on mRNA stabilities. While our results revealed a 2-fold increase in overall mRNA stability in the rny background (Fig. 3B) , some mRNAs were unaffected or even slightly destabilized and others were greatly stabilized ( Table 2 ). To confirm these findings, we selected a set of RNAs displaying differential stabilities and examined their half-lives with Northern blot analysis. The results showed no significant change in upp, ska, and cfa mRNA stabilities, a 2-to 3-fold increase in pepC, ptsI, and emm49 stabilities, and a 5-fold or greater increase in sodM and tufA stabilities (Fig. 5) . We also examined the stability of fasX, which is a small noncoding RNA that stabilizes ska mRNA (21) . Surprisingly, the fasX RNA was very stable in the WT (half-life Ͼ 6 min) but was considerably destabilized in the ⌬rny mutant (half-life Ͻ 2 min). Meanwhile, the abundance of fasX RNA in the WT was more than 2-fold higher than in the ⌬rny mutant (Fig. 5A and data not shown) . The decreased fasX transcript abundance in the ⌬rny may directly result from the high RNA degradation rate, though other regulatory mechanisms may also be involved. The whole S. pyogenes transcriptome, including ORFs and intergenic regions, was screened for destabilized RNAs in the ⌬rny mutant, and only fasX has been identified so far (data not shown). These findings suggest that RNase Y plays different roles in degrading different RNA targets.
RNase Y functions in mRNA processing. Northern blot analysis revealed that RNase Y is involved in the processing of ropB (rgg) mRNA (Fig. 6A) . The ropB gene encodes a transcriptional regulator that activates the streptococcus exotoxin B-encoding gene (speB) (27, 37) . The two genes locate next to each other on the chromosome in opposite orientations (38) . Northern blot analysis showed that, in the WT, the ropB locus specifies three transcripts of different sizes (1.2 kb, 1.1 kb, and 1.0 kb, respectively) (Fig. 6A) . The 1.2-kb ropB transcript was less abundant and degraded faster than the two shorter transcripts. In the ⌬rny mutant, the 1.2-kb transcript became the most prominent form of ropB mRNA, while the 1.0-kb transcript was less abundant and the 1.1-kb transcript was undetectable (Fig. 6A) . The 1.2-kb transcript was stabilized only slightly in the ⌬rny mutant, which suggested that its increased abundance was not due to increased stability (Fig. 6A) . Rather, our results suggest that the 1.2-kb transcript could be the primary ropB transcript that underwent endonucleolytic cleavages to generate the 1.1-kb and 1.0-kb transcripts. These results also suggested that RNase Y was very likely the enzyme responsible for ropB mRNA processing.
We next used 5= RACE to determine the 5= ends of three ropB mRNA transcripts. The ropB transcripts were expected to have identical 3= ends but different 5= ends, since the ropB gene had a strong Rho-independent terminator immediately downstream of the coding region (data not shown). The 5= end of the 1.0-kb ropB transcript was determined to be 139 nucleotides (nt) upstream of the ropB translational start site. We were unable to determine the 5= ends of the other two transcripts, presumably because of the complicated secondary structures in that region. Based on transcript sizes, the 5= ends of the 1.2-kb and 1.1-kb transcripts were predicted to be 300 to 400 nt and 200 to 300 nt upstream of the translational start site, respectively (Fig. 6B) . The speB gene TSS had been previously determined to be 244 bp upstream of the ropB translational start site (38) , which was confirmed in this study (Fig. 6B) . These findings suggested that the ropB and speB promoters overlapped in opposite directions on the chromosome.
The ropB mRNA was further analyzed using our microarray data. Probe-level analysis showed an abrupt upshift of probe signal intensity at approximately 350 nt upstream of the ropB translational start site (Fig. 6B) , which strongly suggests that the ropB TSS was in that region. It also showed an upshift of probe signal half-life at approximately 210 nt upstream of the ropB translational start site, with average probe half-life increasing from 0.50 min to 1.16 min (Fig. 6B) . The upshift was likely due to the differential stabilities of primary (1.2-kb) and processed (1.1-kb and 1.0-kb) ropB transcripts (Fig. 6B) .
RNase Y degrades rnpB read-through transcripts. Microarray analysis showed that the rny mutation significantly stabilized the mRNAs of three consecutive hypothetical gene open reading frames, Spy49_1274, Spy49_1275, and Spy49_1276 (Table 2) . A BLASTP search indicated that Spy49_1274 encodes a Holiday junction-specific endonuclease, Spy49_1275 encodes a putative RNA methyltransferase, and Spy49_1276 encodes a cell division initiation protein that is highly homologous to the GpsB protein in B. subtilis (39) . The Spy49_1274 and Spy49_1275 genes are organized as a bicistronic operon, while Spy49_1276 is located 491 bp upstream of the operon (Fig. 7A) . Sequence analysis showed that the intergenic region between Spy49_1276 and the Spy49_1275-Spy49_1274 operon contained an rnpB gene encoding the RNA component of RNase P. RNase P is an essential ribozyme that catalyzes the 5= processing of pre-tRNAs (40) .
The rnpB transcript itself was extremely stable (with a halflife of longer than 30 min) and highly abundant in S. pyogenes, though the transcripts of its surrounding genes (Spy49_1274, Spy49_1275, and Spy49_1276) were less abundant and very unstable in the WT, with an mRNA half-life of less than 1 min (Table 2) . Their mRNA stabilities were greatly enhanced in the ⌬rny mutant, with half-life increasing to longer than 10 min, making them the mRNAs most profoundly affected by RNase Y in the S. pyogenes genome. The steady-state levels of these mRNAs also increased dramatically in the ⌬rny mutant compared to the WT (Table 2) . Our subsequent Northern blot analyses showed that it was the accumulation of rnpB read-through transcripts, rather than the stabilization of primary transcripts, that caused the increased expression of the genes surrounding rnpB. The rnpB upstream gene (Spy49_1276) did not have a strong terminator at its 3= end and was cotranscribed with rnpB to form a 0.7-kb transcript (Fig. 7A) . This transcript was poorly expressed and very unstable in the WT but became highly abundant and extremely stable in the ⌬rny mutant (Fig. 7) . We were unable to detect the full-length Spy49_1275-Spy49_1274 transcript and could detect only the Spy49_1274 single-gene transcript (Fig. 7A) . It was possible that the full-length Spy49_1275-Spy49_1274 transcript underwent processing to generate two single-gene transcripts and that the Spy49_1274 transcript was more stable than the Spy49_1275 transcript. The rny mutation stabilized the Spy49_1274 single-gene mRNA only slightly, with the half-life increasing from 0.28 min to 0.56 min (Fig. 7B) . Meanwhile, two long read-through transcripts that were transcribed from the Spy49_1276 and rnpB promoters emerged in the ⌬rny mutant. The read-through transcripts were not detectable in the WT but were highly abundant and very stable in the ⌬rny mutant (Fig. 7A ). These observations suggested that RNase Y was involved in the rapid degradation of rnpB readthrough transcripts.
DISCUSSION
In this study, we examined S. pyogenes mRNA stability and the role of RNase Y in mRNA degradation on a transcriptome-wide scale. To the best of our knowledge, this is the first attempt to determine precisely the global mRNA half-life in an obligate human pathogen. Our results showed that S. pyogenes had a higher mRNA turnover rate than other bacteria with known global half-lives. With our newly developed steepest-slope method, the median half-life of S. pyogenes mRNAs was estimated to be 0.89 min, with about 85% of mRNA half-lives being less than 2 min. Similar short mRNA half-life estimations were made by using two established half-life calculation methods (see Results), which suggested that the observed high S. pyogenes mRNA turnover rate was not a method bias. In contrast, the median half-life of Bacillus cereus mRNAs was estimated by different groups to be 2.4 min (35) and 5 min (41) . In E. coli, about 80% of mRNAs had a half-life of between 3 and 8 min (34) . In Staphylococcus aureus, about 90% of mRNAs had a half-life of less than 5 min, though the exact values were not determined (14) .
The rny gene mutation led to a 2-fold increase in overall mRNA half-life without significantly affecting the steady-state levels of most mRNA species. Similar observations were made by Kang et al., who reported that the differential gene transcription caused by an rny mutation was not obvious in the exponential phase (24) . These observations seem to contradict each other, since one would expect that increased mRNA stability would cause increased mRNA abundance. However, this expectation is based on the assumption that the mRNA synthesis rate remains unaltered in the ⌬rny mutant, which may not be the case. We believe that these seemingly contradicting observations may be explained by the following observations. (i) Gene transcription, but not mRNA degradation, is the dominant factor that determines the mRNA steady-state level. This notion was suggested by Bernstein et al., as they observed increased global mRNA stability but unaltered mRNA abundance in the E. coli RNase E mutant (34) . (ii) Decreased mRNA turnover rate may reduce the free nucleotide pool, which in turn may slow down new mRNA synthesis. (iii) The organism may use other strategies to detect mRNA abundance and adjust mRNA synthesis accordingly. The rapid mRNA turnover rate of S. pyogenes may have alternative roles, perhaps including facilitation of adaptation of the organism to fast-changing environments at different stages of bacterial infection. It would be intriguing to understand whether the rapid mRNA turnover is a unique feature of S. pyogenes or a common theme in other streptococci and/or in other human pathogens when such data sets become available.
fasX, a small regulatory RNA, was severely destabilized in the ⌬rny mutant. This small RNA enhances streptokinase activity by base pairing to the 5= end of ska mRNA and stabilizing the transcript (21) . However, the ska mRNA stability did not change significantly in the ⌬rny mutant (this study and reference 21). This finding may be attributable to the stabilizing effect of rny mutation on ska mRNA being counteracted by reduced fasX abundance, the net outcome of which is unchanged ska mRNA stability. A thorough screen of the S. pyogenes genome suggests that fasX is the only RNA that is destabilized by an RNase Y mutation (data not shown). The mechanism to explain this observation remains unclear and is worthy of further investigation.
RNase Y-mediated mRNA processing in the well-studied gapA operon of B. subtilis has been previously described (42) . RNase Y mediates the mRNA cleavage between the cggR and gapA proteincoding regions, which leads to decreased stability of the cggRcontaining transcript and increased stability of the gapA-containing transcript (10) . We found in this and a previous study (25) that RNase Y was involved in the processing of two functionally related mRNAs, speB and ropB. Both mRNAs were processed in the 5= untranslated region (UTR) and were stabilized after processing. These findings support the idea that RNA processing plays an important role in posttranscriptional regulation. The identification of processed RNAs on a genome-wide scale has been a challenge for traditional microarray analysis because RNA processing does not usually lead to an obvious change in mRNA abundance (35) . However, since RNA processing changes the stability of mRNAs, those mRNAs that display segmental stability are very likely processed by some endoribonuclease(s). We are currently using this approach to search for processed RNAs in the S. pyogenes genome.
The finding that the speB and ropB mRNAs overlap is in agreement with a previous study by Neely et al. (38) . Two possible regulatory mechanisms may underlie this unique chromosomal arrangement. Overlapping promoters can function as a repression-activation switch, where one promoter is turned on and the other is simultaneously turned off by the same regulatory protein (43) . We have observed that the speB gene is highly expressed only in the late exponential and stationary phases, while the ropB gene is constitutively expressed in the exponential phase but rapidly diminished in expression after entry into the stationary phase (25) . The distinct expression profiles of the two genes imply that such a regulatory mechanism might exist for the speB-ropB gene pair. Another possibility is that the 5= UTR of the ropB mRNA, after RNase Y processing, may form a small antisense RNA that binds to the speB mRNA and modulates its stability. These two possibilities are under investigation in our laboratory.
RNase P is an essential endoribonuclease that catalyzes the maturation of tRNAs. Its catalytic function is achieved by an RNA component encoded by rnpB (40) . We found in this study that RNase Y is responsible for the rapid degradation of rnpB readthrough transcripts. A similar observation has been made in E. coli, where RNase E mediates the degradation of rnpB readthrough transcripts (44) . The RNase P RNA is extremely stable in the WT of both species, where all RNases are present. The presence of extra sequences upstream and/or downstream of the rnpB sequence makes the read-through transcript much more susceptible to RNase attack. It is unlikely that the extra nucleotides alter the secondary structure of the endogenous rnpB transcript, since Ko et al. have observed identical secondary structures in the rnpB mRNAs with and without extra nucleotides (44) . It is possible that RNase E/Y cleaves the extended sequences with high efficiency and that the cleaved RNAs bearing monophosphates at the 5= end are the preferred substrates for further degradation. Although the exact mechanism of the RNase Y action remains to be elucidated, our results clearly show that RNase Y is crucial for the rapid degradation of read-through transcripts containing highly structured sequences.
